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FIELD EFFECT TRANSISTOR HAVING 
VERTICAL CHANNEL STRUCTURE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a ?eld effect transistor 

having a vertical channel Which uses, for example, a nitride 
semiconductor and to a manufacturing method for the ?eld 
effect transistor. This ?eld effect transistor can be applied to, 
for example, high-poWer transistors used in poWer supply 
circuits of consumer electronics and to high-frequency tran 
sistors used in transmitting and receiving circuits of cellular 
telephones, extremely high-frequency radars, and the like. 

2. Background Art 
Group III nitride compound semiconductors represented 

by GaN have characteristics in that since the band gaps of 
GaN and AlN are as high as 3.4 eV and 6.2 eV at room 
temperature respectively, they have high breakdown electric 
?eld strength and that the saturated drift velocity of their 
electrons is high When compared With that of compound 
semiconductors such as GaAs or Si semiconductors. Because 
of this, the group III nitride compound semiconductors are 
expected to be used for high-voltage, high-poWer electronic 
devices and are being researched and developed extensively. 

Besides, at the AlGaN/GaN hetero-interface, free electron 
are generated at their hetero interface by spontaneous polar 
iZation and pieZo polariZation perpendicular to the (0001) 
plane, thereby a sheet carrier concentration of 1><10l3 cm“2 or 
higher can be achieved even When they are not doped. 
Because of this, reported Group III Nitride high-poWer or 
high-frequency transistors are heterojunction ?eld effect 
transistors taking advantage of the inherent high density of 
tWo-dimensional electron gas at the hetero interface. 

In such a horizontal channel transistor structure, there 
needs to secure a su?icient distance betWeen a gate and a 
drain to increase the breakdown voltage. Because of this, 
When the horizontal channel transistor structure is applied to 
large-current transistor, problems arise in that their chip area 
is increased and it is dif?cult to produce them at loW cost. 
As a device structure by Which a large-current device With 

a smaller chip area can be realiZed, there is a transistor With a 
vertical structure Which is called “PBT” (permeable base 
transistor) or “SIT” (static induction transistor). 

In Si semiconductors, a mesa structure, that is, a structure 
in Which a source electrode and a drain electrode are formed 
on the upper stage and loWer stage of a convex structure 
respectively, a gate electrode is formed on the sideWall of the 
upper stage of the convex structure, and a channel current is 
controlled by a gate voltage applied to the gate electrode has 
been proposed and it characteristics have been recogniZed 
(see Electron Devices, 47(2000) 482, by J. NishiZaWa et al., 
IEEE Trans.). Moreover, for the transistor With the vertical 
structure using a group III Nitride semiconductor, its struc 
tural proposition and results of its device simulation have 
been reported. 
An example of structures of heretofore reported ?eld effect 

transistors With vertical structures (PBTs) using group III 
Nitride semiconductors Will be described beloW. 

FIG. 13 is a cross-sectional vieW of a structure of a con 
ventional vertical channel transistor using a group III Nitride 
semiconductor. In FIG. 13, reference numeral 1301 denotes a 
?rst n+-type GaN layer, reference numeral 1302 a n_-type 
GaN layer, reference numeral 1303 a second n+-type GaN 
layer, reference numeral 1304 a drain electrode, reference 
numeral 1305 a gate electrode, and reference numeral 1306 a 
source electrode. 
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2 
In the vertical channel transistor, the ?rst n+-type GaN 

layer 1301 is formed on the drain electrode 1304 and on the 
layer 1301, the n_-type GaN layer 1302 With a convex struc 
ture is formed. As shoWn in FIG. 13, the gate electrode 1305 
is formed so that the electrode 1305 contacts the loWer stage 
and the sideWall of the upper stage of the convex structure. 
The second n+-type GaN layer 1303 is formed on the upper 
stage of the convex structure and on the layer 1303, the source 
electrode 1306 is formed. 

In this vertical channel transistor, a current ?oWing 
betWeen the source and the drain is controlled by a voltage to 
the gate electrode 1305, thereby a ?eld effect transistor can be 
realiZed (see Electron Device Letters, 23(2002) 303, by V. 
Camarchia et al., IEEE). 

For this structure, there is a report on the simulation results 
of its device characteristics. In this report, to achieve su?i 
cient pinch-off characteristics, the Width of the upper stage of 
the convex structure is set at about 0.2 pm and in the ?eld 
effect transistor, the thickness of its gate electrode is set at 20 
nm. Such a structure realiZes, a very small-area high-poWer 
transistor With a high current density and a loW on resistance. 

HoWever, in the vertical channel ?eld effect transistor 
shoWn in FIG. 13, the area of the source electrode formed on 
the upper stage of the convex structure is small. Besides, the 
group III nitride semiconductors have large band gaps and 
generally have high electrode contact resistance, Which 
makes the series resistance of transistors very high. As a 
result, reduction of the on resistance is limited by the large 
electrode contact resistance. 

SUMMARY OF THE INVENTION 

An obj ect of the present invention is to provide a ?eld effect 
transistor With a loWer on resistance and a vertical channel 
structure and to provide a method for manufacturing the ?eld 
effect transistor. 

Speci?cally, the invention is directed to a vertical channel 
?eld effect transistor, Which is composed of, for example, a 
group III nitride semiconductor and Which has a loWer on 
resistance resulting from the reduction of a contact resistance 
at a source or drain electrode reduced by increasing the area of 
the electrode When compared With the cross-sectional area of 
the vertical channel, and to provide a method for manufac 
turing the ?eld effect transistor including a epitaxial regroWth 
process. 

To solve the problems, a ?eld effect transistor according to 
a ?rst aspect of the invention has a ?rst contact semiconductor 
layer, a gate electrode formed above the ?rst contact semi 
conductor layer, openings in the gate electrode, a channel 
semiconductor layer formed so that the layer penetrates the 
openings and its loWer portion contacts the ?rst contact semi 
conductor layer, a second contact semiconductor layer 
formed so that the layer contacts the upper portion of the 
channel semiconductor layer, a ?rst source or drain electrode 
formed so that the electrode contacts the ?rst contact semi 
conductor layer, and a second source or drain electrode 
formed so that the electrode contacts the second contact semi 
conductor layer, the carrier concentration of the channel 
semiconductor layer is loWer than those of the ?rst and second 
contact semiconductor layer, and the contact area of the sec 
ond contact semiconductor layer and the second source or 
drain electrode is larger than the area of the opening. 

According to such a structure, the channel semiconductor 
layer is formed so that the layer penetrates the openings of the 
gate electrode, the ?rst contact semiconductor layer is formed 
so that the layer contacts the loWer portion of the channel 
semiconductor layer, the second contact semiconductor layer 



US 7,439,595 B2 
3 

is formed so that the layer contacts the upper portion of the 
channel semiconductor layer, the second source or drain elec 
trode is formed so that the electrode contacts the second 
contact semiconductor layer, the ?rst source or drain elec 
trode is formed so that the electrode contacts the ?rst contact 
semiconductor layer, the carrier concentration of the channel 
semiconductor layer is loWer than those of the ?rst and second 
contact semiconductor layer, and the contact area of the sec 
ond contact semiconductor layer and the second source or 
drain electrode is larger than the area of the opening of the 
gate electrode. Because of this, it is possible to loWer the 
contact resistance of the second source or drain electrode. As 
described above, in the ?eld effect transistor With the vertical 
channel, since the contact area of the second source or drain 
electrode formed above the gate electrode and the second 
contact semiconductor layer can be increased and an ohmic 
contact resistance can be loWered, it becomes possible to 
realiZe the ?eld effect transistor With a loW series resistance. 
In addition, since a so-called gate length is determined based 
on the thickness of the gate electrode ?lm instead of control 
ling and forming the gate length by using photolithography 
like conventional horizontal ?eld effect transistors, the gate 
length can be easily shortened by reducing the thickness of 
the ?lm further. 

In such a structure, it is preferable that both the ?rst and 
second contact semiconductor layers be n-type semiconduc 
tor layers. 

Since the mobility of electrons is generally higher than that 
of holes in channel semiconductor layers, the ?eld effect 
transistor With superior device characteristics such as loW on 
resistance or high transconductance can be realiZed by adopt 
ing the structure. 

In the structure, it is preferable that the carrier concentra 
tion of the second contact semiconductor layer be higher than 
that of the ?rst contact semiconductor layer. 

According to the structure, by making the second contact 
semiconductor layer, Which is formed above the openings and 
has a small cross-sectional area, contain more impurities to 
increase the carrier concentration of the second contact semi 
conductor layer, resistance in the second contact semiconduc 
tor layer is reduced, so that it becomes possible to realiZe the 
?eld effect transistor With a loWer series resistance. 

In the structure, it is preferable that the ?eld effect transis 
tor have ?rst and second insulating ?lms, Which are formed on 
the loWer and upper portions of the gate electrode, and the 
openings penetrating the ?rst insulating ?lm, the gate elec 
trode, and the second insulating ?lm. 

According to the structure, by forming the second insulat 
ing ?lm betWeen the second source or drain electrode and the 
gate electrode and forming the ?rst insulating ?lm betWeen 
the ?rst contact semiconductor layer and the gate electrode, a 
breakdoWn voltage betWeen the electrodes is increased, so 
that it becomes possible to realiZe the high-voltage, high 
poWer ?eld effect transistor. 

In such a structure, it is preferable that the ?rst contact 
semiconductor layer be formed beloW the gate electrode so 
that the resistance of the layer is increased. 

According to this structure, a parasitic capacitance 
betWeen the gate electrode and the ?rst source or drain elec 
trode is reduced, thereby the ?eld effect transistor With supe 
rior high-frequency characteristics can be realiZed. 

In the structure, it is preferable that a part of the channel 
semiconductor layer or the ?rst contact layer be formed under 
the gate electrode so that the resistance of the part is 
increased. 

According to the structure, the parasitic resistance betWeen 
the gate electrode and the ?rst source or drain electrode is 
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4 
reduced, so that it becomes possible to realiZe the ?eld effect 
transistor With superior high-frequency characteristics. 

In such a structure, it is preferable that the opening be 
plurally provided in the same surface of the gate electrode, the 
channel semiconductor layer and the second contact semi 
conductor layer be plurally formed so that they penetrate all 
the openings, and the channel semiconductor layers, the sec 
ond contact layers, or both of them be connected one after 
another above the gate electrode. 

According to the structure, the larger-current transistor can 
be realiZed and the contact area of the second source or drain 
electrode and the contact layer can be increased further. 
Therefore, it becomes possible to realiZe the loW-series resis 
tance, high-poWer transistor. 

In such a structure, it is preferable that the channel semi 
conductor layer be doped With impurities to increase its resis 
tance. 

According to such a structure, a leakage current component 
at the channel semiconductor layer is reduced, thereby the 
?eld effect transistor With favorable pinch-off characteristics 
can be realiZed. 

In the structure, it is preferable that an air gap be formed 
under the region of part of a Wiring metal connected to the 
second source or drain electrode. 

According to the structure, the air gap is formed betWeen 
the second source or drain electrode and the gate electrode, so 
that it becomes possible to realiZe the ?eld effect transistor 
With a higher breakdoWn voltage. 

In such a structure, it is preferable that a conductive sub 
strate be provided beloW the channel semiconductor layer and 
the ?rst contact semiconductor layer, a through-hole be 
formed betWeen the top surface of the ?rst contact semicon 
ductor layer and the conductive substrate, and the ?rst source 
or drain electrode, Which is formed so that the electrode 
contacts the ?rst contact semiconductor layer, and the con 
ductive substrate be electrically connected With each other via 
the through-hole formed in the ?rst contact semiconductor 
layer. 

According to the structure, since the ?rst source or drain 
electrode can be draWn out of the back side surface of the 
conductive substrate Without necessitating the Wiring metal 
for the ?rst source or drain electrode or a pad electrode for 
Wire connection, so that it becomes possible to realiZe the 
?eld effect transistor With a small chip area at a loW cost. 

In such a structure, it is preferable that the channel semi 
conductor layer and the ?rst and second contact semiconduc 
tor layers be comprised of a compound semiconductor con 
taining nitrogen. 

According to the structure, since the group III nitride com 
pound semiconductor has a Wide band gap and a high break 
doWn electric ?eld strength, the ?eld effect transistor With a 
high breakdoWn voltage can be realiZed. In addition, since the 
group III nitride compound semiconductor has a high satu 
rated drift velocity, for example, a higher transconductance 
can be achieved When the gate length is shortened suf?ciently, 
thereby the higher-performance ?eld effect transistor can be 
realiZed. 

In such a structure, it is preferable that Mg, Zn, or Fe be 
added to the channel semiconductor layer as impurities. 

According to the structure, the undoped channel semicon 
ductor layer comprised of the group III Nitride compound 
semiconductor increases series resistance and a leakage cur 
rent component reduces, so that it becomes possible to realiZe 
the ?eld effect transistor With superior pinch-off characteris 
tics. 

In such a structure, it is preferable that the compound 
semiconductor, of Which the ?rst contact layer, the second 
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contact layer, or both of them are made, be comprised of an 
InAlGaN quaternary mixed crystal. 

According to the structure, the contact resistance of the 
electrodes is reduced further. 

In such a structure, it is preferable that the gate electrode 
contain a W layer, a Mo layer, a Ta layer, a Pt layer, a Ni layer, 
a Pd layer, a layer comprised of silicide, or a conductive oxide 
layer. 

According to the structure, since the metal ?lms, the sili 
cide ?lm, and the conductive oxide ?lm have high melting 
points and relatively high Work functions, they do not degrade 
even at an epitaxial groWth temperature on the order of 10000 
C. as a mask used for the regroWth of the group III nitride 
semiconductor, that is, their compositions do not change and 
hence, favorable Schottky characteristics can be achieved, 
thereby, for example, the ?eld effect transistor With a small 
leakage current can be realiZed. 

In such a structure, it is preferable that the conductive oxide 
be comprised of a tin-doped indium oxide (ITO), a Zinc oxide 
(ZnO), an oxide containing them, or an yttrium barium cop 
per oxide (Y BCO). 

In such a structure, it is preferable that the ?rst and second 
insulating ?lms be made of any one of SiO2, SiN, polyimide, 
and BCB (benZocyclobutene) or be formed of a multilayer 
?lm made of at least tWo of SiO2, SiN, polyimide, and BCB 
(benZocyclobutene). 

According to the structure, the insulating ?lms are easy to 
form and have a relatively loW dielectric constant, and then 
their breakdown voltage can be increased, so that it becomes 
possible to realiZe the ?eld effect transistor capable of high 
frequency operation and high-power operation. 

The method for manufacturing the ?eld effect transistor 
according to the invention includes steps of forming the ?rst 
contact semiconductor layer on the substrate, forming the ?rst 
insulating ?lm, the gate electrode, and the second insulating 
?lm on the ?rst contact semiconductor layer in that order, 
forming the opening Which penetrates the ?rst insulating ?lm, 
the gate electrode, and the second insulating ?lm, forming the 
channel semiconductor layer and the second contact semi 
conductor layer in that order so that both the layers penetrate 
the opening, forming the ?rst source or drain electrode so that 
the electrode contacts the ?rst contact semiconductor layer, 
and forming the second source or drain electrode so that the 
electrode contacts the second contact semiconductor layer. In 
the step of forming the channel semiconductor layer and the 
second contact semiconductor layer, the carrier concentration 
of the channel semiconductor layer is made loWer than those 
of the ?rst and second contact semiconductor layers and the 
contact area of the second contact semiconductor layer and 
the second source or drain electrode is made larger than the 
area of the opening. 

According to such a method, in the step of forming the 
channel semiconductor layer and the second contact semi 
conductor layer, the carrier concentration of the channel 
semiconductor layer is made loWer than those of the ?rst and 
second contact semiconductor layers and the contact area of 
the second contact semiconductor layer and the second 
source or drain electrode is made larger than the area of the 
opening. As a result, in the ?eld effect transistor With the 
vertical channel, it is possible to increase the contact area of 
the second source or drain electrode and the second contact 
semiconductor layer formed above the gate electrode and to 
loWer the ohmic contact resistance, Which realiZes the ?eld 
effect transistor With a loW series resistance. In addition, as in 
the case of the ?eld effect transistor according to the inven 
tion, since the so-called gate length is determined based on 
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6 
the thickness of the gate electrode ?lm, the gate length can be 
easily shortened by reducing the thickness of the ?lm further. 

In the manufacturing method, it is preferable that the fol 
loWing steps be taken: in the step of forming the opening, the 
opening is plurally formed in the same surface of the gate 
electrode; in the step of forming the channel semiconductor 
layer and the second contact semiconductor layer, the layers 
are formed so that the layers penetrate all the openings; and in 
the step of forming the channel semiconductor layer and the 
second contact semiconductor layer, the layers are formed so 
that the individual portions of the channel semiconductor 
layer, the individual portions of the second contact semicon 
ductor layer, or the individual portions of both the layers, 
Which have been groWn via the adjacent openings, are con 
nected to one another. 

According to the structure, it is possible to realiZe a larger 
current transistor and to increase the contact area of the sec 
ond source or drain electrode and the second contact semi 
conductor layer further. Therefore, the hi gh-poWer transistor 
With a loW series resistance can be realiZed. 

In the step of forming the channel semiconductor layer and 
the second contact semiconductor layer included in the 
method, it is preferable that the formation step be stopped and 
a step of planariZing the channel semiconductor layer or the 
second contact semiconductor layer be etching or polishing 
be included. 

According to the method, the ?lm thickness of the channel 
semiconductor layer or the second contact semiconductor 
layer can be reduced, Which alloWs the high-poWer transistor 
With a loWer series resistance to be realiZed. 

In such a method, it is preferable that a temperature at 
Which the channel semiconductor layer and the second con 
tact semiconductor layer are formed be set at a temperature at 
Which the composition of the gate electrode does not change. 

According to the method, since the composition of the gate 
electrode does not change, favorable Schottky characteristics 
are achieved and hence, for example, the ?eld effect transistor 
With a small leakage current can be realiZed. 

In such a method, it is preferable that the channel semicon 
ductor layer and the ?rst and second contact semiconductor 
layers be comprised of a compound semiconductor contain 
ing nitrogen. 

According to the method, since the group III nitride com 
pound semiconductor has a Wide band gap and a high break 
doWn electric ?eld strength, it is possible to realiZe the ?eld 
effect transistor With a high breakdoWn voltage. In addition, 
since the group III nitride compound semiconductor has a 
high saturated drift velocity, for example, a higher transcon 
ductance can be achieved When the gate length is shortened 
suf?ciently, thereby the higher-performance ?eld effect tran 
sistor can be realiZed. 
As described above, according to the ?eld-effect transistor 

of the invention, since it is possible to increase the contact 
area of the second source or drain electrode and the second 
contact semiconductor layer formed above the gate electrode, 
the ohmic contact resistance can be loWered, thereby the ?eld 
effect transistor With a loW series resistance can be realiZed. 
Moreover, since the so-called gate length is determined based 
on the thickness of the gate electrode ?lm instead of control 
ling and forming the gate length by using photolithography 
like the conventional horiZontal ?eld effect transistors, the 
gate length can be easily shortened by reducing the thickness 
of the ?lm further. 

Furthermore, according to the manufacturing method for 
the ?eld effect transistor of the invention, in the ?eld effect 
transistor With the vertical channel, since it is possible to 
increase the contact area of the second source or drain elec 



US 7,439,595 B2 
7 

trode and the second contact semiconductor layer formed 
above the gate electrode, the ohmic contact resistance can be 
lowered, thereby the ?eld effect transistor With a loW series 
resistance can be realiZed. In addition, since the so-called gate 
length is determined based on the thickness of the gate elec 
trode ?lm, the gate length can be easily shortened by reducing 
the thickness of the ?lm further. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional vieW of a ?eld effect transistor 
With a vertical channel according to a ?rst embodiment of the 
present invention; 

FIG. 2 is a graph for explaining a relationship betWeen 
Work functions and melting points of single metals; 

FIG. 3 is a SEM photograph of the cross section of the 
regroWth portion of the ?eld effect transistor With the vertical 
channel according to the ?rst embodiment of the invention; 

FIG. 4 is a layout of a mask pattern formed in a case Where 
the ?eld effect transistor With the vertical channel according 
to the ?rst embodiment of the invention is applied to a high 
frequency transistor; 

FIG. 5 is a cross-sectional vieW of the ?eld effect transistor 
taken along line A-A' of FIG. 4; 

FIG. 6 is a layout of a mask pattern formed in a case Where 
the ?eld effect transistor With the vertical channel according 
to the ?rst embodiment of the invention is applied to a high 
poWer transistor; 

FIG. 7 is a cross-sectional vieW of the ?eld effect transistor 
taken along line B-B' of FIG. 6; 

FIGS. 8A to SF are process draWings for explaining a 
manufacturing method for the ?eld effect transistor With the 
vertical channel according to the ?rst embodiment of the 
invention; 

FIG. 9 is a cross-sectional vieW of a ?eld effect transistor 
With a vertical channel according to a second embodiment of 
the invention; 

FIG. 10 is a cross-sectional vieW of a ?eld effect transistor 
With a vertical channel according to a third embodiment of the 

invention; 
FIG. 11 is a layout of a maskpattem formed in a state Where 

the ?eld effect transistor With the vertical channel according 
to the third embodiment of the invention is applied to a high 
poWer transistor; 

FIG. 12 is a cross-sectional vieW of the ?eld effect transis 
tor taken along line C-C' of FIG. 11; and 

FIG. 13 is a cross-sectional vieW of an example of a con 
ventional ?eld effect transistor With a vertical channel. 

DESCRIPTION OF THE EXEMPLARY 
EMBODIMENTS 

A ?rst embodiment according to the present invention Will 
be described beloW With reference to the draWings. 
A ?eld effect transistor having a vertical channel and a 

method for manufacturing the same according to the ?rst 
embodiment have the folloWing feature: a ?rst insulating ?lm, 
a gate electrode, and a second insulating ?lm are selectively 
formed on a ?rst n-type contact semiconductor layer in that 
order, and then an stripe-shaped opening is formed in the 
multilayer ?lm structure comprised of the three layers; an 
undoped channel semiconductor layer and a second n-type 
contact semiconductor layer are formed via the opening so 
that both the layers are regroWn by, for example, metal 
organic chemical vapor deposition; a drain electrode is 
formed so that the drain electrode contacts the ?rst n-type 
contact semiconductor layer; a source electrode is formed so 
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8 
that the source electrode contacts the second n-type contact 
semiconductor layer; and the regroWth undoped channel 
semiconductor layer and second n-type contact semiconduc 
tor layer are portions Which are groWn in the horiZontal direc 
tion of the transistor and hence, it is possible to make the 
contact areas of the electrodes larger than that of the opening. 

FIG. 1 is a cross-sectional vieW of the ?eld effect transistor 
having the vertical channel according to the ?rst embodiment 
of the invention. In FIG. 1, reference numeral 101 denotes a 
sapphire substrate, reference numeral 102 an AlN buffer 
layer, reference numeral 103 a ?rst undoped GaN layer, ref 
erence numeral 104 a ?rst n+-type GaN layer (?rst contact 
semiconductor layer), reference numeral 105 a second 
undoped GaN layer (channel semiconductor layer) Which is a 
regroWth layer, reference numeral 106 a second n+-type GaN 
layer (second contact semiconductor layer) Which is a 
regroWth layer, reference numeral 107 a ?rst SiO2 thin ?lm, 
reference numeral 108 a tungsten (W) gate electrode, refer 
ence numeral 109 a second SiO2 thin ?lm, reference numeral 
110 a Ti/Al/Ni/Au source electrode, reference numeral 111 a 
Ti/Au gate pad electrode, and reference numeral 112 a Ti/Al/ 
Ni/Au drain electrode. 

In the ?eld effect transistor having the vertical channel 
shoWn in FIG. 1, the ?rst SiO2 thin ?lm 107, the tungsten gate 
electrode 108, and the second SiO2 thin ?lm 109, Which have 
the opening, are formed on the ?rst n+-type GaN layer 104. 
Via the opening, the second undoped GaN layer 105 is 
formed, and then the second n+-type GaN layer 1 06 is formed. 
And further, the Ti/Al/Ni/Au drain electrode 112 is formed of 
contacting the ?rst n+-type GaN layer 104 and the Ti/Al/Ni/ 
Au source electrode 110 is formed of contacting the second 
n+-type GaN layer 106. 

Moreover, the Ti/Al/Ni/Au source electrode 110 is formed 
of contacting the second SiO2 thin ?lm 109. Because of this, 
the area of the Ti/Al/Ni/Au source electrode 110 can be 
increased as compared With that of the second n+-type GaN 
layer 106. As a result, it becomes possible to increase the 
degree of the margin of mask alignment and implement a ?eld 
effect transistor having a loW series resistance With superior 
reproducibility. 

In this case, theAlN buffer layer 102 of 0.5 pm in thickness, 
the ?rst undoped GaN layer 103 of 3 pm, and the ?rst n+-type 
GaN layer 104 of 500 nm in thickness are formed on the 
sapphire substrate 101 in that order. 

Furthermore, the ?rst SiO2 thin ?lm 107 of 500 nm in 
thickness, the tungsten gate electrode 108 of 50 nm in thick 
ness, and the second SiO2 thin ?lm 109 of 500 nm in thickness 
are selectively formed on the ?rst n+-type GaN layer 104 in 
that order. 

In this case, W is used as the gate electrode, While a metal 
such as Mo, Pt, Pd, Ta, or Ni or an alloy such as WSi may be 
used. 

For example, to regroW the GaN layer at a temperature of 
10500 C. after the formation of the gate electrode, it is desir 
able that the gate electrode have a high melting point and 
since there is a need to make its Schottky Junction With the 
GaN, it is desirable that the Work function of the gate elec 
trode be large. FIG. 2 is a graph for explaining relationships 
betWeen metallic materials’ melting points and Work func 
tions. As shoWn in FIG. 2, it is desirable to use W, Mo, and so 
on, that is, the metallic materials With a melting point of 15000 
C. or higher and a Work function of 4.5 eV or larger. 

In addition to the single metals shoWn in FIG. 2, the gate 
electrode may be formed by using silicide materials such as 
WSi and conductive oxide ?lms such as ITO (indium tin 
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oxide), ZnO, andYbaCuO Which is a superconducting mate 
rial. In those cases as Well, it is desirable that their Work 
functions be larger. 

The Ti/Al/Ni/Au drain electrode 112 is formed on a portion 
of the ?rst n+-type GaN layer 104 Where the multilayer ?lm 
structure, Which is comprised of the ?rst and second SiO2 thin 
?lms 107 and 109 and the tungsten gate electrode 108, is not 
formed. 

The ?rst n+-type GaN layer 104 is selectively removed on 
the ?rst undoped GaN layer 103 for device isolation. 
And further, for example, a 0.2-um-Wide stripe-shaped 

opening is formed in the multilayer ?lm structure comprised 
of the ?rst and second SiO2 thin ?lms 107 and 109 and the 
tungsten gate electrode 108. Via the opening, the second 
undoped GaN layer 105 of l .2 um in thickness and the second 
n+-type GaN layer 106 of 50 nm in thickness are selectively 
formed so that both the layers are regroWn. It is desirable that 
the ?rst and second n+-type GaN layer 104 and 106 be doped 
With a high concentration of Si. For example, it is desirable 
that both the layers be doped With Si having a concentration of 
up to about l><l0l9 cm_3. 
By adopting such a structure, the contact resistance of the 

source electrode and the drain electrode can be suf?ciently 
loWered and hence, it becomes possible to implement a ?eld 
effect transistor With a loWer series resistance. 

In addition, being doped With Si, the n-type layers having 
a higher concentration of Si and a loWer resistance can be 
implemented in the group III nitride compound semiconduc 
tor, thereby it becomes possible to implement a ?eld effect 
transistor With a loWer series resistance. 
As shoWn in FIG. 1, on the regroWth layer, that is, on the 

second n+-type GaN layer 106, the Ti/Al/Ni/Au source elec 
trode 110 is formed. 

Moreover, the second SiO2 thin ?lm 109 is provided With 
the opening and the Ti/Au gate pad electrode 111 is formed so 
that the electrode 111 contacts the tungsten gate electrode 
108. 

In this case, a current ?oWing betWeen the source and the 
drain is controlled by a depletion layer in the regroWth 
undoped GaN layer, that is, the second undoped GaN layer 
105 formed by applying a negative voltage to the tungsten 
gate electrode 108, thereby the operation of the ?eld effect 
transistor can be implemented. 

Also, in this case, to improve a breakdown voltage betWeen 
the electrodes further, it is preferable that the ?rst and second 
SiO2 thin ?lm 107 and 109 be thicker. To make a threshold 
voltage for the ?eld effect operation loWer, it is preferable that 
the residual carrier concentration of the second undoped GaN 
layer 105 be made as loW as possible. For example, the layer 
105 can be doped With Mg, Zn, Fe, or the like instead of the 
undoping to increase its resistance. 

FIG. 3 is a SEM photograph of the cross section of a 
regroWth portion around the actually fabricated source elec 
trode. Here, the contact area of the electrode can be more than 
doubled When compared With the area of the opening. In FIG. 
3, it is ten times or more. 

The carrier concentration of the second n+-type GaN layer 
106 may be higher than that of the ?rst n+-type GaN layer 104. 
Moreover, instead of the second n+-type GaN layer 106, a 
n+-type InAlGaN layer (quaternary mixed crystal) may be 
used. By adopting such a structure, the contact resistance of 
the electrode is reduced further. 

Moreover, part of the second undoped GaN layer or at least 
part of the ?rst n+-type GaN layer may be formed beloW the 
gate electrode so that the resistance of the part is increased. 

Furthermore, instead of the ?rst SiO2 thin ?lm 107 or the 
second SiO2 thin ?lm 109, a loW-dielectric constant ?lm such 
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10 
as BCB (benZocyclobutene) and polyimide may be used. By 
using such a ?lm, a parasitic capacitance can be reduced. 
Moreover, instead of the ?rst SiO2 thin ?lm 107 or the second 
SiO2 thin ?lm 109, a SiN thin ?lm may be used. Through the 
use of such a ?lm, it is possible to suppress a so-called current 
collapse phenomenon in Which a current is decreased after the 
application of a large voltage. 

In this case, the sapphire substrate 101 is used, While a SiC 
substrate, a GaN substrate, or a Si substrate may be used as the 
substrate. When a conductive substrate is used, the ?rst 
n+-type GaN layer 104 may be connected to the conductive 
substrate through, for example, a via hole and metal Wiring 
and the drain electrode may be formed on the rear surface of 
the substrate. 

Moreover, to improve the reliability of the transistor fur 
ther, for example, a SiO2 mask layer having a stripe-shaped 
opening may be formed on the AlN buffer layer 102 formed 
on the sapphire substrate 1 01, and then the ?rst undoped GaN 
layer 103 and the ?rst n+-type GaN layer 1 04 may be regroWn. 
By adopting such a structure, the crystal defect densities of 
the portions of the ?rst undoped GaN layer 103 and the ?rst 
n+-type GaN layer 104 on the unopened portion of the SiO2 
mask layer are reduced. At the reduced defect portions thus 
obtained, a vertical channel is formed. And further, since the 
crystal defect densities of the portions of the ?rst undoped 
GaN layer 103 and the ?rst n+-type GaN layer 104 on the 
stripe-shaped opening of the SiO2 mask layer are higher than 
those of the other portion, it is preferable that the vertical 
channel be not provided above these portions. 

In this case, the unopened portion of the SiO2 mask layer is 
formed beloW the opening of the gate electrode, the second 
undoped GaN layer 105 is located on the ?rst n+-type GaN 
layer 104 formed in such a Way that the layer 104 horizontally 
groWs above the SiO2 mask layer, and the crystal defect den 
sity of the second undoped GaN layer 105 is set at 107 cm-2 or 
loWer. 

In such a structure, the mobility of the carriers Within the 
channel semiconductor layer is improved and a high-perfor 
mance ?eld effect transistor having a loWer series resistance 
and a high transconductance can be implemented. And fur 
ther, since the crystal defect density is loW, it becomes pos 
sible to implement a more reliable ?eld effect transistor. 

In addition, since the crystal defects is reduced by horizon 
tally groWing the ?rst n+-type GaN layer 104 above the mask 
layer, the crystal defect density can be loWered despite the 
degree of crystal defect density of the underlying layer, 
thereby a high-performance high-reliability ?eld effect tran 
sistor can be implemented. 

Incidentally, as the mask layer, SiN and a multilayer ?lm 
comprised of SiO2 and SiN may be used in addition to SiO2. 
By using SiO2 or SiN as the mask used for its horizontal 

groWth as described above, the crystal defect density can be 
loWered easily because, for example, the group III nitride 
semiconductor does not degrades even at its crystal groWth 
temperature at around 10000 C., that is, its composition does 
not change, thereby a higher-performance higher-reliability 
?eld effect transistor can be implemented. 

According to the vertical ?eld effect transistor according to 
the embodiment, unlike the conventionally proposed forma 
tion of the electrode on the small mesa in Which the channel 
is formed, it is possible to form the contact portion of the 
source electrode Whose area is larger than that of the opening 
Which means the channel Width. Because of this, a vertical 
?eld effect transistor having a loWer contact resistance and a 
loWer series resistance can be implemented. 

Speci?cally, a vertical ?eld effect transistor having a loWer 
on resistance can be implemented. Besides, unlike conven 
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tional horizontal ?eld effect transistors in Which by photoli 
thography gate lengths are controlled and the gates are 
formed, a so-called gate length is determined based on the 
thickness of the tungsten gate electrode. Because of this, the 
thickness of the electrode ?lm is further reduced, thereby the 
gate length can be shortened easily. 
By using the structure described in this embodiment, the 

gate length of 50 nm or less, Which has been very dif?cult to 
be achieved in the conventional horizontal ?eld effect tran 
sistors, can be achieved Without necessitating a high-cost 
process step such as electron-beam lithography. As a result, it 
becomes possible to implement a high-performance ?eld 
effect transistor at a loWer cost. 

In this case, the drain electrode may be formed above the 
opening of the gate by interchanging the source electrode and 
the drain electrode. 

FIG. 4 is an example of a layout on a mask of the vertical 
channel ?eld effect transistor Whose cross-sectional structure 
is shoWn in FIG. 1. FIG. 4 is different from FIG. 1 in that a 
source electrode and a drain electrode are interchanged. In 
FIG. 4, reference numeral 401 denotes a source pad electrode 
comprised of Au-plated Wiring, reference numeral 402 a drain 
pad electrode comprised of Au-plated Wiring, reference 
numeral 403 a gate pad electrode comprised of Au-plated 
Wiring, reference numeral 404 a device isolation stage, refer 
ence numeral 405 a ?rst n+-type GaN layer on the source side, 
reference numeral 406 a second SiO2 thin ?lm, reference 
numeral 407 a Ti/Al/Ni/Au drain electrode formed on a sec 

ond n+-type GaN layer on the drain side, and reference 
numeral 408 a Ti/Al/Ni/Au source electrode. Reference 
numeral 512 denotes Au-plated gate Wiring connected to the 
gate pad electrode 403 and reference numeral 513 denotes 
Au-plated drain Wiring connected to the drain pad electrode 
402. 

FIG. 5 is a cross-sectional vieW for shoWing a cross-sec 
tional structure taken along line A-A' of FIG. 4. Reference 
numeral 501 denotes a sapphire substrate, reference numeral 
502 an AlN buffer layer, reference numeral 503 a ?rst 
undoped GaN layer, reference numeral 405 a ?rst n+-type 
GaN layer, reference numeral 505 a second undoped GaN 
layer, reference numeral 506 a second n+-type GaN layer, 
reference numeral 507 a ?rst SiO2 thin ?lm, reference 
numeral 508 a tungsten gate electrode, reference numeral 406 
a second SiO2 thin ?lm, reference numeral 408 a Ti/Al/Ni/Au 
source electrode, reference numeral 407 a Ti/Al/Ni/Au drain 
electrode, reference numeral 512 Au-plated gate Wiring con 
nected to the gate pad electrode 403, reference numeral 513 
Au-plated drain Wiring connected to the drain pad electrode 
402, and reference numeral 514 a SiN passivation ?lm under 
the Wiring metals. 

FIG. 4 is the layout draWing of the mask pattern formed in 
a case Where the vertical ?eld effect transistor according to 
the ?rst embodiment is applied to, for example, a high-fre 
quency small-signal transistor used for loW-noise ampli?er 
and mixer circuits. Such a mask pattern has a structure in 
Which the gate electrode and the drain electrode are each 
inserted in the source electrode pattern for the evaluation of 
high-frequency characteristics. 

To increase a drain current, for example, the dimensions of 
a regroWth opening illustrated in the portrait orientation of 
FIG. 4 (indicated by a dotted line X of FIG. 4), that is, a 
so-called gate Width can be expanded. To increase a transcon 
ductance and a high-frequency gain, the thickness of the gate 
electrode can be reduced. 

The source pad electrode 401, the drain pad electrode 402, 
and the gate pad electrode 403 each made of the Au-plated 
Wiring are formed as shoWn in FIG. 5. That is, in addition to 
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the cross-sectional structure shoWn in FIG. 1, for example, the 
SiN passivation ?lm 514 (a SiO2 thin ?lm, or the like) is 
formed as in interlayer insulating ?lm, an opening is formed 
in the SiN passivation ?lm 514, and then the individual elec 
trodes 408, 407, and 508 of the transistor are connected With 
the individual pad electrodes 401, 402, and 403 so that they 
penetrate the opening (see FIG. 4). 

To decrease the parasitic capacitance further, or to increase 
the breakdoWn voltage further, an air-bridge structure can be 
provided to the Wiring portions betWeen the pad portions of 
the pad electrodes and the individual electrodes of the tran 
sistor. 

In this case, the opening, Which is formed in the multilayer 
?lm comprised of the tungsten gate electrode 508, and the 
SiO2 thin ?lms 507 and 406 and Which is provided for the 
formation of the regroWth layer, is rectangular, While, for 
example, 0.2-um-diameter holes may be made in line instead. 

In the ?eld effect transistor according to the embodiment, 
the Ti/Al/Ni/Au drain electrode 407 is formed so that the 
electrode 407 contacts the regroWth layer formed on the open 
ing. The source electrode and the drain electrode shoWn in 
FIG. 4 may be interchanged; in that case as Well, the gate pad 
electrode and the drain pad electrode are formed so that they 
are opposite to each other and are inserted in the source pad 
electrode. 

In the vertical ?eld effect transistor having such a structure, 
by, for example, further reducing the thickness of the gate 
electrode Which determines the gate length, the transconduc 
tance and the high-frequency gain is increased further. As a 
result, a ?eld effect transistor having a high cut-off frequency 
(ff) and high maximum oscillation frequency (fmax) can be 
implemented. 

FIG. 6 is another example of a layout on a mask of the 
vertical channel ?eld effect transistor Whose cross-sectional 
structure is shoWn in FIG. 1. In FIG. 6, reference numeral 601 
denotes a source pad electrode comprised of Au-plated Wir 
ing, reference numeral 602 a drain pad electrode comprised of 
Au-plated Wiring, reference numerals 603 gate pad electrodes 
comprised of Au-plated Wiring, reference numeral 604 a 
device isolation stage, reference numeral 605 a ?rst n+-type 
GaN layer on the drain side, reference numeral 606 a second 
SiO2 thin ?lm, reference numeral 607 a Ti/Al/Ni/Au source 
electrode formed on the second n+-type GaN layer on the 
source side, and reference numeral 608 a Ti/Al/Ni/Au drain 
electrode. Reference numeral 712 denotes Au-plated source 
Wiring connected to the source pad electrode 601 and refer 
ence numeral 713 denotes Au-plated drain Wiring connected 
to the drain pad electrode 602 comprised of the Au-plated 
Wiring. 

FIG. 7 is a cross-sectional vieW of the ?eld effect transistor 
taken along line B-B' of FIG. 6. Reference numeral 701 
denotes a sapphire substrate, reference numeral 702 an AlN 
buffer layer, reference numeral 703 a ?rst undoped GaN layer, 
reference numeral 605 a ?rst n+-type GaN layer, reference 
numeral 705 a second undoped GaN layer, reference numeral 
706 a second n+-type GaN layer, reference numeral 707 a ?rst 
SiO2 thin ?lm, reference numeral 708 a tungsten gate elec 
trode, reference numeral 606 the second SiO2 thin ?lm, ref 
erence numeral 607 the Ti/Al/Ni/Au source electrode, refer 
ence numeral 608 the Ti/Al/Ni/Au drain electrode, reference 
numeral 712 the Au-plated source Wiring connected to the 
source pad electrode 601, reference numeral 713 the Au 
plated drain Wiring connected to the drain pad electrode 602, 
and reference numeral 714 a SiN passivation ?lm under the 
Wiring metals. 

FIG. 6 is the layout draWing of the mask pattern formed in 
a case Where the vertical ?eld effect transistor according to 












